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e ABSTRACT
e
et
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o
,$ A theoretical study has been made of the physics of the
™, non-equilibrium superconductivity underlying the operation
[
r\ of the superconducting microstrip phase shifter. The
r“ penetration depth of some superconductors has been studied
and a relation between penetration depth and gquasi-particle
! density obtained. The power loss in transmission, in
Ak
' superconductors, has been analyzed as a function of
'_ frequency, to ascertain the limits of performance of the .
R' phase shifter. The results show that the superconducting
;h; phase shifter can operate at frequencies as high as the gap
i; (0.7 THz in Nb). 1Injection mechanisms, to locally weaken
;&g superconductivity and perform strip line modulation have
w
::; : been studied. A digital superconducting phase shifter is
':j proposed for use in Terahertz Imaging Radars. The above
j' studies show that the superconducting phase shifter offers
;: high performance, with very broad bandwidth and low power
..
<. dissipation and will fulfill a critical need in the design
e
jﬁ and operation of mm and sub-mm wave imaging radars.
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INTRODUCTION

The design and operation of phased array antennas,
operating in the mm wave and sub-mm wave regions of the
electromagnetic spectrum 1s strongly dependent on the
availability of passive and active components such as
transmission lines, local oscillators, phase shifters,
etc.. Critical to the design of these systems is the
develcpment of the phase shifter, since the beam from an
array can be scanned, or switched from one position to
another, in time limited by the switching speed of this
devicel. Current phase shifters based on conventional
technologies, cannot handle these frequency requirements.
Besides their limited bandwidth, conventional devices are

constrained by their power requirements.

Superconducting technology offers a high performance, ver

<

broadhand and low power, mm and sub-mm phase shifter based
on superconducting microstrip interferometers. This unigue
phase shifter combines the physics of non-eguilbrium super-
conductivity with high performance superconducting

transmissicn lines to achieve continuous modulation ©f the

g
°y

ase velocity by electronic or optical means. Phase

th
r

<
s -

n
oy
ﬂ)

ars designed from these interferometers are expected

r

o provide extremely wide bandwidths {(hundreds of

h Q)

igahertz), and very high speed (sub-nanosecond) responses
or wavelengths less than one millimeter. The thin £ilm
a

brication of microstrips will ensure large scale
<

reproductability and permi%t numerous circuits on a wafer,
as recuired for a large number of phase shifters. 1In
addition to high resolution imaging radar applications, %h
large bandwidths, small antenna sizes and narrow beamwidth

permitted at these freguencies, lend themselves %o
applications in low-angle %tracking, interference Zfree

racdar, electronic counter-
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In this paper, we investigate the physics of non-
equilibrium superconductivity as it applies to the design
of superconducting phase shifters. We study propagation
and losses in superconducting transmission lines for the
very high frequencies (hundreds of gigahertz), needed for
sub-mm wave operation of phase shifters. Results obtained
by various experimenters, are reported to show the

feasibility of the superconducting phase shifter.
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Penetraczicn Deoth and Quasi-Particle Density

The London ecuations describing the beha

v
conductors in a magnetic field predict that currents and
X

magnetic fields in superconductors can exist only wizhin a
laver of thickness )\L of the surface. L is given
by2
~

A 2 = m"/exza_y .
where m~* is the effective pair mass

er is the effective charge cf a pair

np is the density of Cooper pairs.

The superconducting state can be describedl, as asserted
by Ginzburg and Landau by a complex order parameter
which vanishes at temperatures above Tc and whose magnitucde
measures the degree of superconducting order at positicn

£. The magnitude of YAF) mavy be identified in the

Ginzhurg-Landau theory with the density of Cooper pairs,
w2
I/ l = na -==(2)
P
Combining Z¢. 1 and Zcg. 2 we get
2 -—=(3)
A2 =< /M
L
Gorkov has shown2 that ybis directly proporticnal to the
energy gap parameter A. This implies a relation between N
ané A3,
— /
AL _ AW —
7\[_(0,7-) Al
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c”\ where n is the normalized excess guasi-parzicle density in
g
e unics of 4 N(o)A (o), N{o) being the Bloch Zensity cI
'.. . e o
~ staces., T 1s the temperature in Kelwvin oI the
L
' superconducting sample. The value of n cdepends on
2 temperature, magnetic field and guasi-particle injection.
.l
o
N
v . .
b The above phenomenoclogical expression reveals that
' significant modification of the penetration depth can be
4
:+ realized through suppression of the energy gap by any of
J
'ﬁ‘ the means mentioned above.
R
Xn
-
The dependence of energy gap on excess guasi-particle
N density n, is given for small n, byv4
o .
o>
o~ A = 1 -2n —--(5)

A (o)

Combining Eg. 4 and Ec¢. 5 gives a relation between the

o

L .
T PR .

penetration depth and %the excess guasi-particle density.

—

s

- ;\Lko,l) 1= 2n -——=(6)
- N .
i ALNT)
An increase in nn thus leads tc an increzse 1o the
.ﬁ penetration depth.
o~
‘RS
L . .
N L(o,T), in the above ecuations is the penetration Zedtl
L3
® at temperature T i1n absence of external percurbaticn. It
Xz e ceaies - . , e
I is related To the penetratlon cepth at absolute tero vz
e
i by the semi-empirical relation?
D>
X
{n A _11/2
- . —_
ALO) =>\(O)L1‘(I/I J —_—(T)
“O L C
~
: ¥nowing the walue cf Tz and }\L at any other temperaturs,
A . .
>\u(o) an be cbhbtalneg.
;
\'J
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non-granular cZype II superconductors such as nicoium,

ing Impurit:ies such as Au, In or Bi, tha
h

— . . 1/2
TIan T+ P, ) - (8)

o, TP 1T N

'
S5 4
™
Pty
-
Fl

P RY WO R S

:.

I~ where &, is the coherence length

:E PLTc) is the residual resistivity

¢¢ 1(Tc) is the electron mean free path

. J(o,T) is a BCS range function with values

o,

o between 1 and 1.33 for T between o
R f‘:
SR and Tc

-I'\
" : : b
N P(Tc).1(Tc) is a constant for the material

- and AL(T) is the penetration depth from Zg. 7.
R
2N

- The penetration depth is thus increased from value AL(T)
¢ . R . .
! by its cepencence con the electron mean free path and

4

o, . - .

y residual resiscivity.
R
L'~

gﬁ Tigure 1 shows the variation 0f AL vs. the residual

resistivisy A(Tc) for Nb films.

¥

-

N

f‘\

N Since <The -Coom temperature resistivity and residual

a s
resistivity for niobium are related by Mathiessen's rule®

-
{- . 'l‘l‘.‘

ya
o
ol
o
(&)
VaN
)
o
-~~~
(&}
VaN
L
n
~
wn
=
D
I
o
=3
1
I
|
w0

"'
7':.
[ ) - . . - -
- ?\g can a.so e cotained as a funcition c¢i the room
- Cemperactuire resistivity. The rocm femperature resistivis
R \
" can pe ccnvenlently obtained from the sguarce resistance
. -
- ; - s .
o measurement Ro(ZC00K) and the I:lm thickness 2, as
'.
= - . - :
e P00 K) = RL(300 Kid (10}
l'
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Figure 2 shcws the relation between penecr2iion dagtnh and
the residual resistivity P(Tc) for l=ad containing
impurities. The £it to E5. 8 is evadent.

Eg. 8 which is valid for non-granular type II super-
conductors, is not valid in the case of NbN. Here the

Ginzburg- Landau theory for the 3CS weak coupling case in

the dirty limit with strong coupling correction 1ds7?
Ve
ANL(o) = 95.3 (PTc(wcm)/Tc(K)) —(11)
The Egs. 7, 8 and 11 relate penetration depth wit! N

temperature and residual resistivity, which arz the
parameters to be varied in implementation of the
superconducting phase shifter.

Experimental evidence for the relation between penetration
depth andéd excess guasi-particle densiity has been provided by
Weinberg in his Master's Thesis8. ransmission line
modulation was achieved by the use of optical radiation %o

suppress the energy gap, and also by temperaturs variation.
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N Superconductivity may be described by a twe-fluld molzl
.
. where the Cocper pairs give rise %o ¢nly a reactive
d h. A N
> impedance, while normal electrons have both r2actancs and
-
" - \ - -
po resistance. The lcsses associated with this reslistance are

x

N, very small and feccme impcortant only at hich freguencres.
\

- .

,*ﬁ The classical skin effect parameter ¢§ is given bv®o

B

e

.
2,
~.
N

-

0 = (ZAAGH) —

> 2)
4
Y
.\' »
Y where wis the frecuency
I. N -
N and O is the complex conduchtivity.
"

@

o The cderivation for impecance z2nd ghase velocity presented
'i.- - - . \ -
P assume that the skin effect parameter $ is much larger than
;e
1 > - - N - - - -~
=S the London penetration depth >\p. At lower and moderate
1t
” . . - . N -
i frecuencies, the skin effect parameter is about two grders
t
HE5N of magnitude greater than the superconducting penetraition
O
) 2 3 .y . s -
,:j depth. However, as can be seen Irom EZc. 12, very high
o
)}5 freguencies can significanilv reduce the skin derptn,
F' . . v . . . . - .
E) resulting in power albsorpiicn. Since the penetrazicn decoin
v is a Iuncticn oI temgerzture (el Zg. 7)), lower
NN temperatures aid in the use oI nicher ZIrecuencies.
N-.‘
> "_\
3 :_s.
RS The condition that AL be small relative to the sxin depih

e
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b

where Ic may be interpreted as the upper cuto
an

d g, =

N

Pal
’ p—~— N
= ) _—— A
g kT/fc, O'N (14)
where ON is the normal conductivity just above the criticeal
temperature, Tc.

path, 1. Ia the "clean" limit

zero temperature ccherence length),>\L is nearly '
independent oI 1 whereas U~1l. Hence, in this case fc~
1-1., For thin samples, where the mean free path becomes
thickness limited, i.e., 1 » £ilm thickness, the clean
limit fc will saturate. Also, if 1 > the anomalous skin
effect dominates.

(ecuival £ of 1.
. % =1 2\
For nicbium assuming Z = 06850 A, o = o ané 0=¢C, as a

=1
For NbN assuming AL = 3000 R and 0" = 1500 * 10-8 Qa,

N
the criterion for a lossless line is

10

7 . . z
N £ << 4 *x 7012 5z = fc ---(135b)
'« ¥
X
’ o - . R
! The higher cut-cff freguency for hicher Tz superconduczors
o« ~

(e.g. NbN versus MNb) is of great significance to the

i@ -
\

-‘,

-
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development of the supercconducting phase shifter. Using the
newly developed material Ba-La-Ca-010, critical
temperatures as high as 40K can be obtained. This would
imply extremely high (tens of terahertz) cut-off frequency.
The simplification to the cryogenics, in reducing the )

close-cycle refrigerator to a single stage may also be noted.

Recent experiments by C.C. Chi et.al.!? with coplanar
superconducting niobium transmission lines have achieved
dispersion-free pulse propagation upto 0.7 THz (which
corresponds to the energy gap in their sample). Little
attenuation is observed below the superconducting gap

£requency but strong attenuation above it.

These experimental results agree well with the theoretical
oredictions of the Mattis-Bardeen formulation of complex
conductivity in superconductorsl2. Higher transmission
f£recuencies can be achieved if a larger gap superconducting

-

material such as NbN is used.

BCS theorv gives a bett

>
-

(t

stimate of surface impedance than

fu O
)
&
Y]

-

the two-£lvid medel use

.

G¢. 14. The surface resistance

in microwave cavitie des

wn
w0

ribed? by (for Aw < A(T) and T

0

-

< 0.5 Tc)

S

3/
R, = (Cw % exp [ - A(T)/kBTI + RO ---(15)
[

where C is a constant and Ro a temperature independent

resicdual surface resistance.

gap £reguency (0.72 THz £fc¢r nicbium a:s

4.2X), the surface resistance of a superccnductor is criers
cf magnitude smaller than that of a normal metal, such as
a

copper. Alsc, the surface reactance below the energyv ¢
uc

Q.

varies as (w, maxing i% appear exactly as an in

page 190
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property vields a strigline with a very low dispers
Above the energy gap, a superconductor behaves like

e
neormal metal of conductivity GN.

The attenuation @dB is related to the real part of the

-~ [ . .
propacgation constantl3 (Y=VZY where Z is the saries
impedance and Y the shunt admittance of a unit length of
line) by

@33 = 20LogiQRe(Y) --=(17)
Fig. 3 compares the attenuation in A3/m of striplines of
copper and niobium at 4.2X. The superiority of the niobium
stripline at frecuencies below 2A /A is evident.
HYPRES has the facility and technologyv to fabricate £ilms
of NbN for the measurement of surface resistance. F c. 4

shows recent results of measurements of the surface

impedance of NbN Zfabricated at HYPRES'4. Figs. 5 and §

show results for the 7 to 10 GHz frequency rangel5,

HYPRES is continuing in its effor to fabricate NbN £ilms

£ " = - -
Ol oW surlace reslLscance.

l]l
(18]

P

--—mibi

. 7 shows %he variation of

the surface resistance of niobium and lead as a function of

temperature. Fig. 8 shows studies by NRL and MIT L
Labs comparing the RF loss of niobium and niobium ni

as a function of temperature.
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- Tniection Mechanisms
"y
- As shown in the earlier sections, suppression of the energy
L, "
- gap and increase in the penetration depth can be achieved
" , . - . . ,
v by increasing the number of guasi-particles in the super-
1 conductor.
o
24 . .
g Three mechanisms possible for gquasi-particle injectisn are:
D>
4
{-'
[
. a) heat
- . . . .
g b) optical irradiation
N
i c) by electrical injection
o
) Weinberg8 has demonstrated modulation of phase velocity
N in superconducting strip lines by simple temperature
\ . » . . . .
~ variation of the cryogenic environment. 3By raising the
o . . :
o temperature to near Tc, reduction ¢f the phase velocitv of
‘ the strip line of approximately 75% has been observed. The
W experimental results verify Egs. 4 through 7.
‘(l“
}i The relation zetween phase velccity Vp and N for a
. micrcostrip line is given byv3
’ -
o - \/.‘_.
._J
.\ﬁ Vp/c =/1 1+ AL coth di o+ g coth de (18)
'y & — ~ —. ——— .
¥ :-: to >\ 1 to }\ g
. I
' s: s . C s s
3 where di is the &transmissicn line thickness
O < . v o
: édg is the ground plane %Lhickness
) : . : .
o and to is the thickness cf the insulator.
o
N
:; From this ecguation, suppression of the enercv gap of either
o the strip line or the ground plane superconductors, will
r
(O - : - ; 5
o lncrease tne corresponding penetration depiths, and
.2 therefcre decrease the phase veloci:iy.
Cd
i
o
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The inductance of the stripline per unit length can be deduced

LA A
k]

h)

from equation 18.

) L =-.;:.EO(1 + A coth di
) LA ~,

te

P

+ Ag coth do (18a)
Ng

to

Chi S S Ir 'Y

Where W is the width of the stripline. The capacitance of the

transmission line per unit length is simply given by: .

-~

) IS

’

)

o'y

=
1]
s

(18b)

A ] p)
f“,}ﬂ.\
N
1]
m
(a3
o I®

vy

Where ¢ is the dielectric constant of the medium. rom

"
N

PP

\{:\

transmission line theory, the time delay per unit length is given

by

TAY L

T =4/LC (18¢)
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Consequently:
di z .
s == ' o
(_ \"""Coth di « }\ coth a Q}\,
l Y >\L L 1 to
pm————
5T =~/ He (122)
+1/2
1 « Ai{ coth &i =« %q coth édo
2 — ~ —
to i Q S
Where 0T is the additional time delay casued by the change in the
; .
3 penetration depth of the stripline due to quasiparticle inijecticn.
In order to get a numerical value for §T we assume “ha-s
- o
dg = 3000 a
i Q
di = 300023
Ai =Ng = 3000 A (18%)
Q
£ = 3000 1
o
€= 4.0
ané &ML = 0.05 Ai
The last ecuation,as we see later, restricts the change in
the line impedance to a much less than S%, which is desirsable i°F
we need o maintain the transmission line impedance zl.lcse <2
its egquilibrium value. Eguaticns 18e and 187 Wwill <hnen
resuls In
6T = 0.026~/HE€E (18g)
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or the ghase shifit Zor a 100 GH:z signal is

6d= w §T= 111.9 rad/m = 6.4 degrees/mm

As the f£ilm thickness (4,) cdecreases, the kinetic inductance c:
the transmission .Line beccmes a stronger function of +the
guasiparticle density. Consegquently, one can arbitrarily Incrc=ase

the phase shifs for a fixed length of superconductor by ad

the stripline thickness. For instance, in the case cf the
-

previous example, recucing d, to 1000 A results in 15 cegrees/ar

chase shif:

(21

cr the same chance 1n the penetration cdepth.

rom z =\/L/C and Zgua<ticn l8c we

1 get
. -
OZ = OL
-_ -
- <

and A7 = 07

= 5=
- -t
2. ~
cT & = ~
~
led -
<




PRted

A

o) - - Y - y 5 y Y -
N A mcre novel technigue for phonon injection wculd be %o

o
L N . c T e -

NN intect neoneguilibriuem phenens from nonradiative stazss o
A

i) cptically illuminated semiconducters such as Si or Gaas.

- A variation cf zhis technigue could be used o injec:
Cas *
“ 3 .
N chenons into the strip line or the ground plane. Phcnons
a

NS recuczion is n
B

e on the film per unit

\? + -a - ~ - un-y ».-me-

o

chi Zor phoncn detection v

s u
an be modified to obtain a chancge

b& Ttime is, in ermined by <he ngoneguiliRkrium
)
s T i famim s 3 - 3 = =
) iZetime ¢I a superconcductor and can he ci crier cof
XN\ ¥ ~arosaconis or lasse
s nanosaccnis or lass.
~
’
o
v ‘ . .
N Gap suppression by irradiation with light has heen
' Ny
'y : . .
° cemonstrated by several experimentcrs, mCSt racently T
g . v et - : - .
s:g investigators az HEYPREST7, 3. Irraclazion wicn Lnirarcec
N - - . N -
Mo radlazion procuces guasi-particles In the superconductoons
L)
g.' £ bele! hroaw-s & v Rt e - g -~ RS
J%w Zi-m 2y the breaxing ci Cocper pairs, L1n accoriance wios
e
B = = MWYDRTT =maac TemtvracEs ~oEaS - - Relolely -~
. LG, . DIYXocS N2as Lnvestligateld The I=2sDcehnse C:Z
o ~a -~ S - ; . -
,:; superconducting thin Zilms, Josephson tunzzizns and z2r-zvs
P AL
~ e - - - -
o CI JCs=2Tinscn junttlons T radlaticn Lo Tne T2 2C mizron
\jj Tegilcn, as zart ¢ an CYR prooect o zuilld ozn infirzrad
& : 5 B
> ¢ .
. 1mage rocessint system. Ixtramely niLgn s=ansiTiviTiss, of
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u
LQ and arrays in the entire wavelength range. Such high

: responsivities are not possible in an entire wavelength
- . range using conventional technigues.

'QE Fig. 9 shows the I-V curves of a Josephson junction and of
f&: an array of 50 such junctions, with and without exposure to
J' infrared radiationl8., The suppression in gap on

:gi irradiation is clearly evident. HYPRES is currently

ﬁ working actively on Phase II of the image processor project
.jﬁ to further enhance the device sensitivity and build an

integrated image processor using superconducting

:? technology. ,
5
:t Weinberg8 has shown that the phase velocity in

‘ , superconducting strip lines can be modulated by irradiation
:: with an argon ion laser. The penetration depth increased
‘jz by a factor of 1.78, corresponding to a 44% change in gap
'ez energcy. The maximum reduction in phase velocity was 28%
:_ (see Zg. 18); the self-inductance increased by a dramatic
:f 92% over its value in the equilibrium state and the

%t impedance was observed to undergo a maximum chance oI 40%.
) In Zhese experiments, the sample was directly illuminated
‘5: with laser light. Light could also be guided conto the

ﬁ: sample using a fiber. The evanescent portion cof an optical
'2: guided wave has also been used in an integrated optic

a experiment %o locally weaken superconductivity in thin

ﬁ% €ilms cf lead’?. This last technigue has :the advantage

;ﬁ of permitting a precise determination of parameters such as
'w the gecmezry ¢f %the illuminated region.

X
}" The response “ime %o ogtical illuminaticn has been studiad
‘? Sy sewveral grougs. In ¢eneral, %he rCaccomlinatlcn Zime IS
%1 not that of guasi-particles alcne. Phonons created oy hicgh
E; enercy 3Juasi-particles, can Zecay Lo produce mcIre Zuasi-

i cartizles, lLeading %5 a zZaszaie., The Cespcns2 "ine fan

e

'.'! 1
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';: Gap suppression in a superconducting thin £ilm by electronic

' injection, has been studied mainly with a viewpoinz of

ﬁ gtilizing the properties in devices such as the

,2 Quitercn2l. In this device, a tunnel junction is used as

;2 a means oI injecting guasi-garticles and suppressing <he
gap. IT¢r the purposes of weakening superconductivitv, 1% is
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. tripline meodulation, a conclusion as Lo which mecnanism s
X - sz 3 ; 3
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~ shnifter Zesign under consideration.
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ig. 10) where a transmissizn

'l
)

2 injection into any one of the two limbs would
cause a change in the phase velocity in that limb (as given
d

a subsequent phase shift in the recombinin

A seconé phase shifter design could be a superconducting
s a

micreoscrip rescnant ring (see Fig. 11). Here the rescnance
freguency ¢I the ring 1s changed by guasi-particle

injection, cwing to the change in phase velocity. This

design has the advantage that attenuation can also be ’
measured as a function of gquasi-particle injection. EVYDPRES

nas the capability to design and fabricate both of “hese

After the properties of phase shifting undexr cuasi-pazticle
injection ars studied using such phase shifters as
microstrip interferometers and resonant rings, a practical
realization c¢f mm and sub-mm wave phase shifters can be
achieved wiith the knowladce gained from these studies. Such
& prnase shifzer cromises high perfcrmance, with broad
bancéwidith and low power dissipation, and will fulfill a
crucial need in the area of phased array antennas and
imaging radars. To this end, HYPRES propcses the desicgn of
a cdigital superconducting phase shifter described in the

c
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HYPRES proposes the development of an N-bi% supercon
phase shifter. Such a phase shifter has 2N steps, w
phase shift per step of
27 (13)
, < >
Ao o

Fig. 12 shows a 3-bit phase shifter with an electric
control mechanism. The RF circuit is simply a

superconducting microstzip line wi e Josephson

junctions underneath the ground plane. 3y controll:l

bias current ¢f the Josephson junctions to inject cu

particles into the ground plane, the Londcn penetrat

depth changes which subseguently alters the phas

The 3-~bit digital control is provided by three separa

Josephson junctions. The £f£irst junction covers the
micreostrip line length for a 180° phase change. The
junction covers half the length of the f£irst one for
phase change. The third juncition covers half ¢he
tne seccnd cne for a 43° zhase change. Tor an N-Dis
shifter, with N>»3, %he bisecting car bhe raneatad and
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0
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oposed (see Tig., 13) o each
region will provide the reguired phase shif:, by means cf
guasi-particle injection via pair breaking in the
superconductor The cuasi-particle injection can also be
accomplished by the use ¢f cpiical waveguides, using the
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(1) Tregquency Rance

Since niobium has a cut-off freguency at
the operating frequency for a niobium phase shifter entercs the
sub-millimeter range. Niobium nitride has a much higher
cut-o0ff frequency than that of niobium, and the operating
frequency for a niobium nitride phase shifter rea e

terahertz range.

(2) Freguencv Band

The phase shift of a TEM mocde c¢r guasi-TIM mcda
transmission line is proportional to the ffequency.
Therefore, the relative bandwidth of a plain transmissicn line
phase shifter is limited by the tolerance of the phase shift.
For instance, according %to Eguation (19), the step of a 3-bi

phase shifter is

A 2T (20)
© = ~— = 45°
. 23

IF 208 of A¢, i.e., =%° is the allowel phase

“olerance, then the realtive bandwidith can be calculated as

follows
Af 9° - (- 9°) 18° (21)
— = = = 5-7%
£ 180°+9C°+45° 313°
Zven so, the absolute bandwidth £for terahert:z
operating £requencies is very wide (several tens to the
hundred of GHz).
(2) At:tenuaticn
The attenuaticn of a superconductiing phase
shifter is determined bv the total length as well as th
attenuation constant c¢f the “ransmission line. The
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(B
f: In this paper, we have stucdied the physics of non-
" . < . . -
) equilibrium superconductivity underlying the operaticn cf
~ the superconducting phase shifter. Relations beitween
- guasi-particle density, energyv gap and penetraticn depth
<
- have been derived. These ralations show that
' guasi-particle injection by external means, can be used %o
i
- alter the penetration depth and hence, produce stripline
b
- modulation. Superconductive transmission lines are seen o0
"
k.. be cperable to Ireguencies of hundreds of gigaher:t:z,
- . . .
4 correspending to the mm and sub-mm wavelengths recuired in
o phased array antennas ané other applications. This study
- shows that the supercencducting phase shifter offers hich
;; performance, with veryv broad bandwidth and low power
{ Cissipation. This will fulfill a crucial need in the area
1
;: of mm and sub-mm wave phased array antennas and Terahert:
:; Imaging Radars. A digital superconduciing N-bhi%t phase
& s = , . . . . .
e shifzer based on %the microstrip transmissicn line is
‘ -,
- 2ropcsed Ior Imsla2mentation in Terazherts Imacing failars.
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